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Injection Locking of Spin-Torque Nano-Oscillators
Chong Long Cao1, Yan Zhou2, Lijun Jiang1, and Philip W. T. Pong1
1Department of Electrical and Electronic Engineering, The University of Hong Kong, Hong Kong
2Department of Physics, The University of Hong Kong, Hong Kong
We demonstrated the phase locking of a spin-torque oscillator (STO) to an alternating current (ac) using macrospin and
micromagnetic simulations. We found that the locking properties of both approaches agree with each other. The phase difference
between the STO and the injected ac stabilizes at φ ≈ 90° and is not sensitive to the initial phase difference, which provides
potential application of STO for microwave generation.
Index Terms— Injection locking, microwave generator, spin-transfer torque.
I. INTRODUCTION
THE INVESTIGATIONS of current-induced magnetiza-tion excitation in magnetic nanopillars have received
tremendous interest since the spin-transfer phenomenon was
first predicted in the theoretical studies of Berger [2] and
Slonczewski [3] in the late 1990s. It has been shown that a
spin-polarized direct current (dc) through a free ferromagnetic
layer can exert a torque on the magnetic moment of the free
layer and flip its magnetization when the spin current exceeds a
certain critical value [1]–[3]. Krivorotov et al. [4] have experi-
mentally demonstrated that a spin-polarized dc can cause tran-
sition to steady precessional modes with typical frequencies at
gigahertz under external applied field, leading to the so-called
spin-torque oscillator (STO).
Although STO is a possible solution to replace the current
microwave generator because it does not need LC tanks, the
dependency on the external field and the weak output power
(typically below 1 nW) need to be solved to achieve compati-
bility with the existing microwave circuits. Some attempts have
been made on STO to achieve zero external field operation.
Houssameddine et al. [5] used an STO with a perpendicularly
polarized Co/Pt multilayer (perpendicular STO) as the fixed
layer and it was shown to generate microwave oscillations at
zero applied field. Boulle et al. [6] experimentally achieved
zero field microwave generation of STO by employing wavy
angular dependence of the torque. To enhance the output
power, the most investigated route is to phase lock a phase-
coherent STO array. Kaka et al. [7] and Mancoff et al. [8]
first demonstrated synchronized oscillation at nanoscale inde-
pendently: the phase locking of two STOs in close proximity
through the spin-wave interaction. Grollier et al. [9] have
theoretically studied the synchronization of many oscillators
in an electrically connected network. In this configuration,
synchronization relies on phase locking between the STOs
and their self-generated alternating current (ac) [10]–[12].
Ruotolo et al. [13] also reported the interaction of magnetic
vortices through the mediation of antivortices, leading to
synchronization when they are closely spaced. More recently,
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Fig. 1. (a) Sketch of the single STO consisting of a nonmagnetic spacer layer
sandwiched between a fixed ferromagnetic layer and a free ferromagnetic
layer, and the corresponding coordinate system employed in this paper.
x–y plane is the easy plane, with x-axis being the easy axis in the film
plane. The free layer magnetization m makes an angle θ with the z-axis. The
current I is defined as positive when the negative electrons flow from the
fixed layer to the free layer. (b) Schematic view of STO coupled to a dc and
an ac.
Petit-Watelot et al. [14] reported that a vortex can achieve
self-phase locking of its internal gyrotropic mode and the
relaxation mode.
In this paper, we have studied the locking behavior of
STO using macrospin and micromagnetic approach, respec-
tively. This paper is organized as follows. In Section II, we
describe the general approach of Landau–Liftshitz–Gilbert–
Slonczewski (LLGS) modeling and the simulated electronic
circuit. In Section III, we present the results of the macrospin
simulation and then the micromagnetic simulation. The over-
all summary of these analytical and simulation results are
presented in Section IV and we point out that the results
provide not only a useful perspective of understanding the
STO phase-locking mechanism from the fundamental physics
point of view, but also guidelines for optimizing the device
performance in realistic applications.
II. MODELING OF INJECTION LOCKING
As shown in Fig. 1(a), the STO is a typical trilayer system
consisting of a thick magnetically fixed layer, nonmagnetic
spacer layer, and a thin free (sensing) layer. The injection
locking circuit is shown in Fig. 1(b). The time evolution of the
free-layer magnetization mˆ is found from a numerical solution
0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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of the LLGS equation [1], [2]
dmˆ
dt
= −|γ |mˆ × Heff + αmˆ × dmˆdt
+|γ |η(Idc + Iac)
2μ0MSeV f
mˆ × (mˆ × Mˆ) (1)
where mˆ is the unit vector along the magnetization of the
free layer, Mˆ is the unit vector along the magnetization
of the fixed layer, γ is the gyromagnetic ratio, α is the
damping coefficient, μ0 is the magnetic vacuum permeability,
η is the spin-transfer efficiency, MS is the free layer satura-
tion magnetization, and V f is the volume of the free layer.
Heff = Happeˆx + Hk(mˆ · eˆx )eˆx − Hd(mˆ · eˆz)eˆz is the effec-
tive magnetic field acting on the free layer, which includes
the applied in-plane (IP) magnetic field Happ, the uniaxial
magnetic anisotropy field Hk , and the out-of-plane (OOP)
demagnetization field Hd . eˆx and eˆz are the unit vectors along
x (IP easy axis) and z (OOP), respectively. For the dependence
of the resistance R of the STO on the angle between the
magnetization of fixed and free layer at time t , we assume
the following standard equation:
R(t) =
{
RP + RAP
2
− RAP − RP
2
cos(ψ(t))
}
(2)
where RP and RAP are the parallel and antiparallel resistances
separately. ψ(t) is the angle between the magnetization of the
fixed layer and the free layer.
We consider an STO coupled to a dc Idc and an ac Iac
[Fig. 1(b)]. To study the shape deviation of small STO sam-
ples due to the lithography limitations in realistic fabrication
process, we assume a standard deviation in the STO shape
anisotropy fields. As shown in Fig. 1(b), the total current
flowing through the STO is the summation of the dc and ac,
ISTO = Idc + Iac. Idc drives the STO into dynamic precession,
while Iac modulates the oscillation leading to the phase
locking.
III. SIMULATION RESULT
In a typical IP Co/Cu/Co nanopillars, the fixed layer mag-
netization M = (M, 0, 0) lies along the easy axis (x-axis)
in the easy plane (x–y plane). The following parameters
are adopted in our simulation [9], [15]–[17]: α = 0.007,
γ = 1.85 × 1011 Hz/T, MS = 1.27 × 108 A/m, η = 0.35,
Happ = 0.2 T, Hd = 1.6 T, RP = 10 , and RAP = 11 .
The anisotropy field of the free layer of STO Hk is kept at
0.05 T.
Fig. 2 shows the macrospin simulation results. In Fig. 2(a),
we show the precession frequency versus the driving dc.
When the driving dc Idc exceeds a critical value, mˆ starts
its precession in a clam-shell mode, which is also called
IP mode, and the precession frequency f (Idc) decreases with
Idc (red shift). The STO switches from IP mode to OOP
oscillation when Idc continues increasing, and f (Idc) increases
with Idc (blue shift). The magnetization precesses following
the orbits in the inset of Fig. 2(a). The energy of the system
conserves after each precession period because of the closed
orbit [18], [19]. The preferred phase shift φ is shown in
Fig. 2(b). In the inset, we plot a single simulation run when
Fig. 2. (a) Typical IP STO precession frequency versus drive current. The
insets show the precessional trajectory of the STO for different oscillation
modes: IP and OOP. (b) Relative phase shift φ between the ac and the
STO versus dc drive. Inset: a typical simulation run, which illustrates how
the STO locks to its injection ac. (c) Absolute value of preferred phase shift
|φ| versus dc for different anisotropy field Hk . (d) Demagnetization field
Hd tunability of the preferred phase shift |φ|.
Fig. 3. Micromagnetic simulation of injection locking. The dc density is
Jdc = 1012 A/m2, the dimension of the STO is 20 × 20 × 2 nm3, the initial
phase difference between ac and STO is φ0 ≈ 0°. The top layer is the
overall simulation, the middle layer is the transient detail at steady state, and
the bottom layer is the transient detail when ac is applied.
fSTO = 27.7 GHz, Idc = 11.4 mA, and Iac = 22.8 μA.
The upper left figure shows the STO resistance and Iac versus
time on the onset of application of ac with an initial phase
difference φ0 = −45°, and the upper right figure shows
the preferred intrinsic phase difference of φ = −86° at the
steady state. The dc dependence of the preferred phase differ-
ence φ can be further fine tuned by varying the anisotropy
field [Fig. 2(c)] and demagnetization field [Fig. 2(d)] of the
sample. The preferred phase difference at around 90° can be
explained by the orbit energy conservation over one period
in steady states when considering the ac, which has been
discussed in [18].
To compare with our macrospin results and have a
better understanding on the preferred phase difference in
the framework of the micromagnetism, we perform the
micromagnetic simulations for the injection locking using the
OOMMF micromagnetic package [20] and the spin-transfer-
torque extension module [21]. Due to the calculation capacity,
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Fig. 4. Micromagnetic simulation of injection locking. The dc density is
Jdc = 1012 A/m2, the dimension of the STO is 20 × 20 × 2 nm3, and the
initial phase difference between ac and STO is φ0 ≈ 180°. The top layer is
the overall simulation, the middle layer is the transient detail at steady state,
and the bottom layer is the transient detail when ac is applied.
we chose a relatively small dimension of the STO for simu-
lation. As shown in Figs. 3 and 4, the initial phase difference
between the injected ac and the STO is 0° and 180°, respec-
tively. We can see that the phase difference finally stabilizes
at φ ≈ 90°, regardless of the initial phase difference, which
agrees with the macrospin simulations.
IV. CONCLUSION
In summary, we have studied the phase-locking character-
istics of a free-running STO under an external ac employing
both macrospin and micromagnetic simulation. We observe a
phase shift of about 90° in both approaches, in line with the
predictions from our analytical analysis. The phase difference
at steady state is not sensitive to the initial phase difference
between the STO and the ac. This property provides useful
information for achieving synchronization of multiple STOs.
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